Inorganic/organic hybrid interfaces present a versatile avenue for improving inorganic electronic devices. Intriguing functionalities, such as molecular switches,^[@ref1],[@ref2]^ thermoelectrics,^[@ref3],[@ref4]^ cargo-lifters,^[@ref5]^ memories,^[@ref6]^ transistors,^[@ref7]−[@ref9]^ or spintronics^[@ref10]^ have already been demonstrated. Moreover, cheap, easy-to-process, and mechanically flexible light-emitting or light-harvesting devices^[@ref11]−[@ref15]^ are within reach.

The key to optimizing the interface functionality lies in a systematic, fundamental understanding of its electronic structure. Of particular interest is the energy-level alignment at the interface between weakly coupled inorganic and organic components since it determines important properties such as the Seebeck coefficient^[@ref16]^ or the electrical conductance.^[@ref17],[@ref18]^ In organic (opto-)electronic devices in particular, charge transfer between a metallic electrode and layers of semiconducting molecules governs the injection of electrons or holes *into* the active organic device component or the collection of electrons or holes *from* the active organic device region.^[@ref19]−[@ref23]^ Optimizing this charge injection or extraction can significantly improve the performance of, *e.g.*, organic light-emitting diodes (OLEDs) for display and lighting applications or organic photovoltaic cells (OPVCs).^[@ref8]^ Decades of intense research have revealed that, for optimal performance, the Fermi level should be brought into resonance with the occupied manifold of molecular states for a hole injecting or extracting metallic electrode and into the unoccupied manifold for an electron-injecting or -extracting electrode. For such Fermi-level positions, interfacial charge transfer is promoted already in the absence of an applied bias voltage.^[@ref8]^

However, the mechanisms and the microscopic details of interfacial charge transfer are still under debate.^[@ref24],[@ref25]^ When the surface of an inorganic substrate is completely covered by an organic material, experimental and theoretical studies typically report concordantly that the charge transfer *per molecule* is less than one.^[@ref26]−[@ref33]^ However, it is often unclear whether the excess charge is distributed homogeneously among all molecules, leading to (formally) fractionally charged moieties ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), or whether some molecules are integer charged, while others remain neutral ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). Fractional-charge transfer (FCT), characterized by a partial filling of the frontier orbitals of all adsorbates, has been repeatedly reported for a variety of molecules on atomically clean metal surfaces.^[@ref29],[@ref28],[@ref34]−[@ref36]^ A number of density-functional theory (DFT) based atomistic calculations support the FCT scenario in such systems,^[@ref37]−[@ref42]^ revealing a complex interplay between electron-donation from the substrate to the molecule and back-donation from the molecule to the substrate, which is often accompanied by an interaction-induced distortion of the molecular geometry.^[@ref43],[@ref34],[@ref32],[@ref44]^

![(a) Level alignment of a metal and a molecular electron acceptor prior to interaction. (b) Weak chemisorption: hybrid metal--molecule states form, leading to a laterally homogeneous layer of partially filled adsorbates. (c) Physisorption: charge tunnels from the substrate to individual adsorbate molecules. Other adsorbate molecules remain electrically neutral.](nn-2015-01164n_0001){#fig1}

The alternative scenario of integer charge transfer (ICT) has been invoked for an equally broad range of systems,^[@ref45]−[@ref47]^ in particular for weakly interacting interfaces,^[@ref48]^ when the frontier molecular orbitals cannot hybridize with the metal substrate due to spacer groups,^[@ref49]^ when the substrate is chemically inert,^[@ref30],[@ref50]−[@ref52]^ or when molecules and metal are electronically decoupled by an ultrathin buffer layer. Such buffer layers can easily arise from unintentional surface contamination or oxidation during sample handling, but alkali halide interlayers, in particular, are sometimes also deliberately introduced because they have been found to dramatically increase the performances of OLEDs and OPVCs.^[@ref53]−[@ref55]^

While the phenomenological features of ICT and FCT can be qualitatively understood within the framework of the (extended) Hubbard and the Newns--Anderson^[@ref56],[@ref57]^ model, respectively, the technological relevance of charge transfer across metal/(insulator/)organic interfaces and the continuous drive to optimize materials and device geometries necessitates a deeper, microscopic understanding. However, insights from atomistic, first-principles electronic-structure calculations, abundant for the FCT case, are suspiciously absent for ICT. Note that while some DFT-based studies do find molecules with (almost) integer charge (*e.g.*, refs ([@ref49]) and ([@ref58])), they do not reproduce the coexistence of charged and uncharged molecules, *i.e.*, the lateral inhomogeneity within monolayers, which are an integral part of the ICT model. We attribute this, at least in part, to the way such calculations are commonly done. On the one hand, ICT systems inherently exhibit lateral inhomogeneity and capturing it requires supercells that are sufficiently large to contain both charged and uncharged molecules, which is associated with substantial computational costs. On the other hand, the method of choice is usually density functional theory with (semi)local functionals. These functionals tend to artificially overdelocalize electrons, thereby unphysically favoring fractional over integer charge.^[@ref59]^ While this delocalization problem can, in principle, be mitigated by using hybrid functionals, the further increase in computational cost associated with their use has only recently made their application to interfacial charge-transfer systems tractable.

Here, we report on an extensive DFT study of a prototypical metal/(insulator/)organic charge-transfer system using both semilocal *and* hybrid functionals. We start by studying the small organic acceptor tetracyanoethene (TCNE) adsorbed directly onto a Cu(100) surface, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. We demonstrate that, in this case, both types of density functionals produce FCT and yield qualitatively the same electronic structure. This is reflected in consistent predictions for observables like the core and valence density of states, intramolecular bond lengths, or the adsorption-induced work-function modification, ΔΦ, which is an indicator for the amount of interfacial charge transfer. However, when we electronically decouple the TCNE layer from the copper substrate with a double layer of NaCl, we find that semilocal and hybrid functionals now yield diverging results for the charge-transfer mechanism, which is clearly reflected in the aforementioned observables. Last, we discuss how the geometry of the interface, in particular the ratio of the spacing between the molecules and the distance between the molecular layer and the metal, determines the amount of charge transfer in the ICT case. Using a simplified model, we then analyze how this affects the coverage-dependence of ΔΦ for different growth modes of the organic adsorbate.

![Systems investigated in this work: side view of the unit cell of TCNE on (a) Cu and (b) one double-layer NaCl on Cu. The inset in (a) shows the chemical structure of TCNE. (c) Top view of the Cu/NaCl/TCNE system, with the unit cell employed in the calculations highlighted. Color legend: brown, Cu; blue, N; gray, C; yellow, Na; green, Cl.](nn-2015-01164n_0002){#fig2}

Results and Discussion {#sec2}
======================

TCNE on Cu(100) {#sec2.1}
---------------

The organic molecule TCNE is a strong electron acceptor with its gas-phase electron affinity experimentally determined to lie between 2.3^[@ref60]^ and 3.2 eV.^[@ref61]^ It readily forms charge-transfer complexes with copper,^[@ref62],[@ref63]^ and in addition, CN-bearing molecules are known to (weakly) chemisorb on Cu surfaces,^[@ref29],[@ref64]^ which, according to the classification by Braun *et al.*,^[@ref48]^ is expected to lead to FCT. The choice of TCNE/Cu(100) is furthermore motivated by practical considerations. Scanning tunneling microscopy (STM) has revealed that TCNE forms extended, well-ordered, rectangular monolayers on this substrate.^[@ref65]^ We note that here, in order to use a Cu supercell that is commensurate with an NaCl layer (see below), we had to deviate to a rhombohedral packing in order to maintain a distance of approximately 7.2 Å between the individual TCNE molecules, which is observed experimentally.^[@ref66]^ This allows us to consider up to eight molecules per unit cell (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and discussion in the [Methods](#sec4){ref-type="other"}) without affecting the conclusions presented in this work. Supercells of this size, or larger, are critical if ICT is to be allowed to occur in the calculations in principle, especially if predictions about the ratio of charged and uncharged molecules are of interest.

We start to characterize this system using DFT with the semilocal functional by Perdew, Burke, and Ernzerhof (PBE),^[@ref67]^ augmented by the vdW^surf^ scheme^[@ref68],[@ref69]^ to account for the missing long-range van der Waals forces (see the [Methods](#sec4){ref-type="other"}). The same (or similar) functional(s) have been used in the past to study metal/organic interfaces, and^[@ref40],[@ref70],[@ref34]^ despite the fact that the polarization-induced band gap renormalization at metal surfaces is absent in PBE,^[@ref71],[@ref72]^ the obtained ΔΦs and densities of states (DOS) have often been found to be in good agreement with experimental results.^[@ref37]−[@ref42]^

![(a) Electron-density difference Δ*n*, in PBE, upon adsorption of TCNE on Cu. For the sake of clarity, the Cu atoms are omitted. The unit cell is highlighted, and part of the surrounding layer is shown for orientation. (b) LUMO of a TCNE molecule in the gas phase. (c) CN orbitals responsible for bonding to the surface.](nn-2015-01164n_0003){#fig3}

Here, after geometry optimization of our Cu/TCNE interface, we find that all eight molecules in the unit cell buckle slightly and adsorb with the nitrogen atoms closer to the surface than with the C=C backbone ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). This geometry, which is corroborated by STM,^[@ref65]^ is a typical indication for weak chemisorption. Despite the fact that both Pauli pushback^[@ref73]^ and the bending-induced molecular dipole^[@ref64]^ act to reduce the work function, we find a positive ΔΦ of ca. 0.4 eV, which can be explained only with electrons transferring from Cu to TCNE.^[@ref74]^ To study their spatial distribution within the molecular layer, we calculated the adsorption-induced electron-density rearrangement, Δ*n*, aswhere *n*^sys^ is the electron density of the combined system and *n*^slab^ and *n*^monolayer^ are the electron densities of the isolated Cu slab and the isolated TCNE monolayer, respectively, both in their geometry after adsorption. The result, depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, clearly shows that the additional electrons are completely delocalized across the entire monolayer. All molecules are equivalent, and moreover, the shape of the electron density on each molecule closely resembles the TCNE LUMO, shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b. The persistence of free-molecule orbitals is another sign of weak chemisorption,^[@ref75]^ which allows us to study the bonding mechanism in more detail.

![TCNE adsorbed on Cu. (a, d) Density of states near the Fermi edge, projected onto each molecule individually and vertically offset for clarity. Occupied levels are shaded. (b, e) Kohn--Sham N 1s levels, convoluted by a Gaussian function with σ = 0.5 eV. (c, f) Bond lengths of the central C=C bond after adsorption. For comparison, the optimized values for the neutral, the singly negatively, and the doubly negatively charged molecule in the gas phase are shown. Panels a--c show results for the PBE functional and d--f for the PBEh\* functional.](nn-2015-01164n_0004){#fig4}

The density of states in the adsorbate layer is shown separately for each molecule in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. It corroborates that all molecules are essentially equal. Furthermore, it illustrates that the TCNE LUMO-derived peak (now called LUMO′) is noticeably broadened, reflecting its hybridization with the surface. Zooming into the region around the Fermi energy, *E*~F~, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b reveals that the LUMO′ level is mostly, but not completely, below the Fermi energy (*E*~F~). Formal occupations for each molecular orbital can be derived by projecting the density of states of the entire system onto the molecular orbitals of TCNE^[@ref76]^ and by integrating the resulting "MO--DOS" up to *E*~F~. This procedure reveals a filling of each LUMO by ca. 1.8 electrons. At the same time, the occupation of several lower lying CN-orbitals (depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c) is reduced, indicating electron back-donation^[@ref29],[@ref64]^ from TCNE to the metal. As a result, all eight molecules exhibit a (Mulliken) charge of only ca. 0.25 electrons each. This result is in excellent agreement with the values obtained previously by Bedwani *et al.*,^[@ref66]^ who calculated the same system using the local-density approximation to the exchange-correlation functional.

Another indicator for charge transfer is the length of the central C=C bond in TCNE. For each molecule in the adsorbed layer, this quantity is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. Although all molecules carry a charge of significantly less than 1 electron (see above), they assume a C=C bond length comparable to that of the TCNE dianion in the gas phase. The reason for this lies in the aforementioned peculiarities of electron transfer. By definition, the TCNE dianion in the gas-phase is obtained by filling two electrons into the LUMO of the neutral molecule and also for TCNE/Cu(100) the occupation of this orbital is found to be close to two. Furthermore, the filling of the LUMO weakens the C=C bond because it is antibonding with respect to the central molecular axis ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). This causes the observed elongation of the C=C bond. In contrast, the CN orbitals responsible for electron back-donation to Cu (depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c) are nonbonding with respect to the C=C bond, and therefore, their occupation does do not affect its length.

In summary, all quantities we discussed fit the FCT picture. However, semilocal functionals are known to artificially overdelocalize electrons,^[@ref59]^ yielding fractional electron transfer even in systems where this is clearly unphysical, such as dimers at large interatomic distance,^[@ref77]^ during the dissociation of charged homonuclear dimers,^[@ref78]^ or of heteronuclear dimers like HF.^[@ref78]−[@ref80]^ The problem originates from the so-called many-electron self-interaction error.^[@ref81]^ This term describes the fact that semilocal functionals consistently underestimate the total energy of a given system for any *fractional* electron number, which for exact DFT would be piecewise linear between integer fillings.^[@ref81]^ The many-electron self-interaction error, which is sometimes also referred to as a delocalization error, can be mitigated by using hybrid functionals,^[@ref82]^ which mix a fraction α of Hartree--Fock exchange with semilocal exchange (cf. discussion in the [Supporting Information](#notes-1){ref-type="notes"}). It is well documented that a sufficiently large α will cause the localization of charge in molecules or bulk materials when the number of electrons is kept constant.^[@ref83]−[@ref87]^ Whether this also occurs when the material is coupled to a charge reservoir (the metal in our case) and whether our calculations predict integer charging of all molecules or a coexistence of charged and uncharged moieties is a central question of our work. A significantly improved description of electron transfer is obtained when α is tuned such that the orbital energies of HOMO and LUMO correspond to the electron removal and addition energies calculated by the total-energy difference between the respectively charge states and the neutral moiety.^[@ref88],[@ref89]^ For TCNE in the gas phase, this criterion is satisfied at α ≈ 0.8, and we will apply the corresponding functional, which we refer to as PBEh\* in the following, also for the combined system of adsorbed TCNE and substrate. Note, however, that such a large α often results in a worsening of the description of the metal^[@ref90]^ and of some molecular properties, such as atomization energies.^[@ref91]^ We discuss the choice of the functional and in particular the impact of other choices of α on the charge localization in detail in the [Supporting Information](#notes-1){ref-type="notes"}.

Even after accounting (to some extent) for the "delocalization error" by using the PBEh\* functional, the results for the TCNE/Cu(100) interface remain qualitatively the same: Geometry optimization (again including van der Waals forces within the vdW^surf^ scheme) still yields buckled molecules. The electron-density difference, Δ*n*, is virtually indistinguishable from the PBE result in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. The molecular density of states and the C=C bond length after adsorption are shown in the bottom row of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. In agreement with previously reported results for metal/organic interfaces,^[@ref92]^ the LUMO′ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d) is moved to lower energies and is now found at ca. 3.5 eV below *E*~F~. The zoom into the region around *E*~F~, depicted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e, shows that it is now almost completely filled and that there is no noticeable density of states directly at *E*~F~. Analyzing the bonding in more detail using the MO--DOS reveals that the back-donation from the CN orbitals to the copper surface is approximately the same as for PBE. The C=C bond length after adsorption is slightly shorter than it was for PBE, which, however, is only related to the fact that the C=C bond length in PBEh\* is generally shorter than in PBE, again owing to the many-electron self-interaction error.^[@ref93]^ In accordance with the PBE result, the C=C bond length after adsorption is the same as in the TCNE dianion in the gas phase when both are calculated with PBEh\*. Despite the absence of a state at the Fermi energy, all molecules are still fractionally charged and there is no lateral inhomogeneity in the distribution of that charge. Therefore, PBEh\* still predicts FCT as the electron-transfer mechanism for TCNE directly adsorbed on atomically clean Cu(100) surfaces, although in the limit of a completely filled LUMO. This is in line with our recent observation that hybrid functionals yield only minor quantitative improvements and sometimes even worsen the theoretical description of FCT systems.^[@ref92]^

TCNE on Cu/NaCl {#sec2.2}
---------------

A qualitatively different result for the electron-transfer mechanism may occur when electronic interaction between the metal and the molecular orbitals is prevented, *e.g.*, by introducing an ultrathin film of NaCl. In fact, this is a common procedure in STM^[@ref94]−[@ref96]^ investigations. Metal/NaCl/organic interfaces can be reliably grown and characterized,^[@ref97]−[@ref99]^ while a bilayer of NaCl is still sufficiently thin to allow for the tunneling of electrons between the metal and the adsorbate.^[@ref100]^ Furthermore, TCNE readily adsorbs on metal-supported NaCl.^[@ref101]^ Consequently, one would expect this to be a textbook example for the occurrence of ICT.

![Electron-density difference upon adsorption of TCNE on Cu/NaCl in PBE (left) and PBEh\* (right). For the sake of clarity, only positive values are shown and the substrate atoms are omitted. The unit cell is highlighted, and part of the surrounding layer is shown for orientation.](nn-2015-01164n_0005){#fig5}

Let us again start with the discussion of the results obtained with the semilocal functional. After geometry relaxation with PBE+vdW, the buckling of the molecules is significantly smaller than for the direct adsorption on Cu(100). Still, the molecules are not perfectly flat, presumably because they follow the corrugation of the NaCl surface that originates from the different "sizes" of Na and Cl atoms. Interestingly, the Δ*n* in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a shows that the electrons transferred to the TCNE layer are still delocalized over all molecules. Compared to the adsorption on the pristine Cu surface, the net electron transfer per molecule is reduced to roughly 0.2 electrons. The charging of each TCNE molecule can now be exclusively attributed to the partial filling of its former LUMO. A MO-DOS analysis no longer shows any noticeable back-donation from deeper lying σ-orbitals.

Experimentally, the simultaneous presence of charged and uncharged molecules can be revealed by core-level spectroscopy.^[@ref102]^ Here, we calculated the core levels in the initial-state approximation,^[@ref103],[@ref104]^ which often yields binding-energy shifts that are in reasonable agreement with experiment, even though the absolute values of the binding energies are inaccurate.^[@ref103],[@ref104]^ Like the valence density of states, also the N 1s core levels ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b), convoluted with a Gaussian of σ = 0.5 eV for more convenient comparison with experiment, are essentially equal for all molecules. Furthermore, the C=C bond length assumes a value that is roughly halfway between the bond length of the neutral and the singly charged TCNE molecule in the gas phase. Thus, with the PBE functional, TCNE on NaCl-passivated copper does not only exhibit FCT, it even does so more clearly than for direct adsorption on Cu.

![For TCNE adsorbed on Cu/NaCl. (a, d) Density of states near the Fermi edge, projected onto each molecule individually and vertically offset for clarity. Occupied levels are shaded. (b, e) Kohn--Sham N 1s levels, convoluted by a Gaussian function with σ = 0.5 eV. (c, f) Bond lengths of the central C=C bond after adsorption. For comparison, the values for the neutral, the singly negatively, and the doubly negatively charged molecule in the gas phase are shown. Panels a--c show results for the PBE functional and d--f for the PBEh\* functional.](nn-2015-01164n_0006){#fig6}

In contrast to direct adsorption on Cu, however, the situation now changes fundamentally when we repeat the calculations with PBEh\*+vdW. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, Δ*n* now localizes on only three out of the eight molecules in the unit cell. The other molecules remain charge neutral and only show a slight polarization in response to the charged molecules in their vicinity. The density of states in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d nicely reflects the broken-symmetry electron distribution. Molecules 1--3 exhibit a singly occupied molecular orbital (SOMO) ca. 1--2 eV below *E*~F~. Interestingly, these three molecules are not exactly equal but exhibit small offsets in their density of states, which we attribute to slightly different adsorption sites and, therefore, slightly different local environments (the system contains a 2 × 2 supercell of the TCNE layer on top of a 3 × 3 NaCl supercell). For all three of the charged molecules, the counterpart of the SOMO, the singly unoccupied molecular orbital (SUMO) can be found 6.4 eV above the respective SOMO. The other five molecules in the unit cell remain spin-unpolarized and have their (of course, completely empty) LUMO between the charged molecules' SOMO and SUMO, at 1--2 eV above *E*~F~. The total Mulliken charge on all eight molecules together amounts to 3.0 electrons. Thus, surprisingly, the *average* charge per molecule is comparable to the case of direct adsorption on Cu, although its lateral distribution is clearly different. This should also be reflected in STM experiments, where both positive and negative tip bias could be used to sample SOMO and LUMO, respectively, which would both exhibit the same shape, but be localized on different molecules. Whether such an experiment would be successful or not, however, depends on the time scale of charge-fluctuations in the system. For example, for the buckled Si-dimers at the Si(100) surface, XPS clearly shows two differently charged Si-moieties, while STM images show only equally charged, parallel Si-dimers.^[@ref105]^

The results for the core levels are depicted in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}e. Like the valence density of states, the core levels are now distributed into two sets, corresponding to charged and neutral molecules. The additional electrons on the charged species screen their N 1s levels and move them to 3 eV lower binding energy compared to the core levels of the neutral molecules.

After full geometry optimization with PBEh\*+vdW, the ICT mechanism of electron-transfer is also reflected in the length of the central C=C bond. The three charged molecules all display a bond length that agrees almost perfectly with the bond length of the TCNE anion in the gas phase, while for the five remaining molecules the bond length is virtually indistinguishable from that in the neutral molecule. We stress that the electron localization characteristic of ICT also occurs if the molecular layer is kept fixed at the PBE + vdW geometry, *i.e.*, if all molecules are geometrically identical. (However, this requires a break in the spin-symmetry of the electronic wave function in the initialization of the SCF cycle; see the [Methods](#sec4){ref-type="other"}). The observed geometry relaxation is, therefore, a *consequence* of the broken symmetry in the electron density, rather than *vice versa*. Likewise, a PBE calculation on top of the relaxed PBEh\* + vdW geometry still results in FCT with an essentially delocalized electron distribution that is only minutely geared toward electron accumulation on the distorted molecules.

Summarizing this section, we have seen that the metal/organic interface between Cu(100) and TCNE clearly exhibits a homogeneous distribution of electrons within the organic layer and, therefore, FCT. This finding is independent of the employed functional. Moreover, because TCNE is an extraordinarily strong acceptor, the interface is characterized by either a very small or the complete absence of molecular density of states at the Fermi energy and an internal C=C bond length that corresponds to the bond length of the gas-phase dianion. Finally, the FCT mechanism in this case should be reflected by only a single nitrogen species appearing in core-level spectroscopy.

For the Cu/NaCl/TCNE interface, traditional (semi)local functionals also predict a homogeneous distribution of charge in the organic layer and, thus, FCT. This is accompanied by a partially occupied peak in the molecular density of states at the Fermi energy and an intermolecular C=C bond length that is halfway between that of the neutral molecule and its anion. In contrast, our hybrid functional spontaneously breaks the symmetry, leading to only a fraction of integer charged molecules, that is, to ICT. This is again reflected by the absence of density of states at *E*~F~ but, in addition, the system now exhibits two clearly separated sets of nitrogen core levels and also two sets of different C=C bond lengths are found. Thus, our computational approach(es) allow us to describe either charge-transfer scenario and extract observable quantities that can be verified, or refuted, by experiment.

What Governs the Amount of Transferred Electrons in ICT? {#sec2.3}
--------------------------------------------------------

Our work produces two open questions. The first, more technical, question is why PBE and PBEh\* yield qualitatively different results for the same system and what the "default" fraction of exact exchange (α = 0.25) would yield? Obviously, this is related to the many-electron self-interaction error of semilocal functionals, and it is explained in the [Supporting Information](#notes-1){ref-type="notes"}. The second, maybe more obvious, question is what determines the amount of electron-transfer in the ICT case? Specifically, for TCNE on Cu/NaCl, why are three electrons per unit cell transferred, rather than two or four? To answer this question, we investigate hypothetical, dilute TCNE layers at "low coverage" and study changes in the electronic structure as the complete monolayer is gradually built up. To do so, we repeat the PBEh\* calculations with the same Cu/NaCl supercell as depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c, but with fewer TCNE molecules in it. While this is a convenient and previously employed^[@ref106],[@ref107]^ procedure to study coverage-dependent effects, it implies that, due to the periodic boundary conditions imposed in the calculations, a regular and well-ordered film is actually considered even at submonolayer coverage. This might not necessarily be a realistic assumption, and we will discuss the impact of this approximation in a subsequent section of this paper.

![Adsorption-induced change in the electron potential energy, Δ*E* for (a) one, (b) two, and (c) three molecules in the unit cell. Red indicates regions where the potential energy is so low that the SOMO is below *E*~F~, while blue indicates regions where the SOMO would be pushed above *E*~F~. The gray molecules indicate where, at full coverage, the other molecules would be located.](nn-2015-01164n_0007){#fig7}

First, however, we note that, with PBEh\*, we find that the SOMO of an individual TCNE anion in the gas phase is 1.8 eV below the Fermi energy of the Cu/NaCl substrate. Since hybrid functionals do not capture band gap renormalization effects due to substrate polarization,^[@ref71]^ the TCNE SOMO is not expected to change upon adsorption, and indeed, its energy in the interacting monolayer is almost exactly the same. In other words, upon adsorption on copper-supported NaCl, a TCNE molecule will become charged unless its SOMO is somehow lifted up in energy by at least 1.8 eV.

To elucidate the mechanism by which that happens, it is instructive to study how the adsorption of individual molecules at submonolayer coverage affects the level alignment of subsequently deposited molecules. To that end, we calculate the adsorption-induced change of the electron potential energy in analogy to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}where *E*^sys^ is the electron potential energy of the combined system, while *E*^slab^ and *E*^TCNE^ are the potential energies of the isolated slab and the adsorbed TCNE, respectively, as obtained from our PBEh\* calculations. In [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, the results for different numbers of molecules in the unit cell are depicted. The molecules that are actually present are shown in yellow, while the hypothetical positions of the other molecules, those that are "not yet" deposited, are shown in gray. Δ*E* is represented by a color code: blue regions indicate Δ*E* \> 1.8 eV, while red regions correspond to Δ*E* \< 1.8 eV. Were an additional molecule to adsorb in a red region, its SOMO would end up below *E*~F~, and hence, it would get charged. Conversely, molecules adsorbing in blue regions would have their SOMO lifted to above *E*~F~ due to the presence of nearby charged ones already on the surface and would, therefore, remain electrically neutral. For brevity, we call the blue region the charge exclusion region, or CER for short. We note here that the SOMO energy, like the energy of the HOMO, depends on the choice of the functional and is higher the larger the chosen value for α is. Generally speaking, the larger the α, the smaller the CER will be, resulting in a larger electron transfer per cell. Although the origin is conceptually different, the trend is identical with the trend observed for the FCT case of direct adsorption on metal substrates.^[@ref92]^

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a shows the situation for a single TCNE molecule in the unit cell, which corresponds to a nominal coverage of Θ = 12.5%. The extra electron on this molecule causes a significant increase of the electron potential energy throughout the entire unit cell, which is, naturally, largest in its immediate vicinity. Most importantly, on the molecule itself, it causes a split of the two spin-channels of the LUMO (into SOMO and SUMO) by the charging energy U. The CER has a shape similar to that of the TCNE molecule and extends up to ca. 3 Å beyond the terminal N atom. Nonetheless, any additional molecule that adsorbs on one of the sites occupied in the full monolayer (shown in gray) is completely outside this CER. Therefore, it inevitably gets charged as well, independently of where it is introduced to the system, a claim which we, of course, explicitly verified using PBEh\* calculations.

In [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b, we exemplarily show Δ*E* for the situation where a second molecule in the unit cell is adsorbed as far as possible away from the first one (both now highlighted in yellow). With two charged moieties on the surface, the CER now covers most of the adsorption sites occupied in a full monolayer (again shown in gray) with only two remaining outside. As expected, PBEh\* calculations show that when a third molecule is adsorbed within the CER, it remains neutral. Conversely, when the third molecule occupies one of the sites outside the CER, it becomes charged. Finally, [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c illustrates that with three charged molecules in the unit cell the CER now covers all remaining adsorption sites. Consequently, any additional molecule stays neutral irrespective of its position.

Coverage Dependence of ΔΦ for ICT and FCT {#sec2.4}
-----------------------------------------

To illustrate the impact of the charge-transfer mechanism on ΔΦ, we show its dependence on the molecular coverage Θ in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. Starting with the Cu/TCNE system, where both PBE and PBEh\* unanimously yield FCT, we find an approximately linear dependence of ΔΦ on the coverage with both functionals ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a). A similar trend, albeit with a more pronounced curvature reminiscent of Topping-like depolarization,^[@ref108]^ is seen in the PBE results for the Cu/NaCl/TCNE system, where this functional yields FCT as well. This corroborates that, within the FCT mechanism, each molecule arriving on the surface gets charged and, therefore, contributes to ΔΦ.

In contrast, whether an additional molecule becomes charged in the ICT case depends on whether it adsorbs outside or inside the CER. This anticipates a pronounced impact of the growth mode on the coverage dependence of ΔΦ, which we will return to momentarily. First, however, we consider the case where molecules exclusively adsorb *outside* the CER until it completely covers all remaining adsorption sites. The corresponding results obtained with PBEh\* for the Cu/NaCl/TCNE system are shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b: ΔΦ increases linearly up to a coverage of 3/8 (*i.e.*, the first three molecules arriving at the surface get charged) and then stays essentially constant (*i.e.*, all further molecules remain neutral). This finding is equivalent to the *experimental* observations for the deposition of PTCDA on ZnO, where integer-charged PTCDA anions form up to approximately half-monolayer coverage.^[@ref58]^ Concomitantly, after deposition of half a monolayer of PTCDA, the work function remains constant.

In our calculations, the slight decrease of ΔΦ after Θ = 3/8 can be understood in terms of a "surface dipole" of the organic layer.^[@ref109]^ Such a maximum of ΔΦ at submonolayer coverage has indeed been observed for other systems.^[@ref24]^ More importantly, however, if we increase the thickness of the NaCl layer ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c), the linear increase of ΔΦ saturates already at a coverage of only 2/8. This experimentally well-documented result,^[@ref102],[@ref110]^*i.e.*, a decreasing fraction of charged molecules with increasing thickness of the insulating layer, can be rationalized by considering that the extent of the CER is determined by two factors: First, the difference between the molecular SOMO and the substrate *E*~F~ and, second, the lateral decay of the electrostatic potential originating from both the charged molecules within the layer and the corresponding countercharges in the substrate. As such, the CER is to a significant part determined by the geometry of the combined system and, for any given molecule, by the distance between organic layer and metallic substrate.

![(a) Coverage dependence of ΔΦ for Cu/TCNE, where both PBE (black) and PBEh\* (red) yield FCT. (b) Same for TCNE on one bilayer of NaCl on Cu, where PBE yields FCT (black) and PBEh\* yields ICT (red). (c) Same for TCNE on two bilayers of NaCl on Cu. ΔΦ is normalized to 100% at full coverage (Θ = 1). The insets depict side views of the respective systems.](nn-2015-01164n_0008){#fig8}

Impact of the Growth Mode {#sec2.5}
-------------------------

Returning to the impact of the growth mode on ΔΦ in the ICT scenario, we recall that the periodic boundary conditions exploited in the DFT calculations impose an ordered superstructure on the molecular layer at submonolayer coverage. This clearly limits the range of growth scenarios that can be described. To expand the accessible phenomenological range, we therefore expand an electrostatic model recently proposed by Amsalem *et al.*([@ref102])

Going beyond the original work, we treat the metal substrate as a finite, planar, and regular grid of *n* × *m* pointlike adsorption sites at an intersite distance *d*. The equally pointlike adsorbate is characterized solely by its adsorption distance *z* from the substrate and its "pinning level", ε, which is given relative to the Fermi level of the hypothetical substrate. If an adsorbate gets charged, then the corresponding (pointlike) image charge in the metal is taken to lie at *--z* below the metal surface. The model then iteratively performs the following steps:(1)It selects an unoccupied adsorption site according to a predefined algorithm corresponding to a certain "growth mode" (see below).(2)It calculates the electron potential energy *E* at this site due to all other charged molecules already adsorbed on the surface (as well as their countercharges) according towhere *e* is the charge of an electron, *r*~*i*~ is the distance between the selected site and charged molecule number *i* (carrying a charge *q*~*i*~ = *e*) or its countercharge *q*~*i*~ = −e. If the pinning level is still below the Fermi energy, that is, ifthe molecule on the selected site becomes charged by a single electron, we re-evaluate the potential for each site anew until self-consistency in the number and distribution of charge is obtained.(3)It evaluates ΔΦ at the present coverage Θ, that is, the number of adsorbed molecules (charged and uncharged combined) divided by the total number of available sites, followingwhere *N* is the number of charged molecules and *A* the area of the entire substrate.(4)It returns to (1) and repeats until all sites of the substrate are occupied.

For the sake of simplicity, we chose an orthogonal grid with *n* = *m* = 300 sites. This size yields ΔΦs converged to within 0.1 eV. To test the effect of the regular adsorption pattern inevitably introduced by the periodic boundary conditions in the DFT calculations, any reasonable combination of the three model parameters *d*, *z*, and ε should suffice in principle. In practice, however, the results are most instructive if these parameters are chosen so as to reproduce the DFT results. Using a site-occupation algorithm that selects successive adsorption sites in the same way as in our DFT calculations (denoted as "regular growth" in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}), we find this to be the case for *d* = 6.5 Å, *z* = 8.5 Å, and ε = −1.5 eV. As shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a, the ΔΦ values obtained with this parameter set increase linearly up to a coverage of 37.5% and then remain constant. The mild decline after 37.5%, which was observed in DFT, is not reproduced because its origin (see above) is not included in the electrostatic model.

![ΔΦ as a function of coverage. (a) Results obtained with PBEh\* for the Cu/NaCl/TCNE system (red) and with the electrostatic model described in the text (dark yellow) . (b) Results obtained with the electrostatic model for different growth mechanims.](nn-2015-01164n_0009){#fig9}

Using the same set of parameters, we could consider other growth modes. The respective coverage dependences of ΔΦ are shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b. In the "cluster growth" mode, we started by adsorbing a single molecule in the middle of the substrate area and then added subsequent adsorbates in concentric squares. Because this essentially corresponds to a superposition of a region with Θ = 1 (the central island) and a surrounding region with Θ = 0, ΔΦ increases linearly with coverage.

As a second alternative growth mode, we chose "hit-and-stick". Successive adsorption sites are selected randomly, which reflects a scenario where molecules do not diffuse after adsorption to form 2D-islands or to dewet into multilayer structures. To adequately sample configuration space, we averaged over 10 different runs. The results show that the sharp kink observed for the "regular" growth mode is smeared out and that ΔΦ now increases smoothly and sublinearly with coverage. Despite the fact that our electrostatical model is based on ICT, this evolution is virtually indistinguishable from that calculated with PBE, where FCT is found. Therefore, if a smooth coverage dependence of ΔΦ is observed experimentally, we cannot immediately distinguish between FCT and ICT. Rather, it is the change of the coverage dependence with the growth mode that reveals ICT. We note in passing, however, that the results for the "hit-and-stick" mode become more and more similar to those obtained with the "regular" growth mode the larger the ratio of *z*/*d* is. This provides another possibility to experimentally determine the mechanism of interfacial charge transfer and, to some extent, vindicates the use of periodic boundary conditions to study dilute monolayers.

Conclusions {#sec3}
===========

We have contrasted the mechanism of electron transfer across the prototypical metal/organic interface Cu(100)/TCNE with that in the metal/insulator/organic heterostructure Cu/NaCl/TCNE. In our DFT-based study, we found that hybrid-exchange--correlation functionals with a sufficiently high fraction of Hartree--Fock exchange are able to capture both the FCT mechanism for the Cu/TCNE and the ICT mechanism for Cu/NaCl/TCNE, while (semi)local functionals fail in the latter scenario. The breaking of translational symmetry in the case of ICT is reflected in several observables, in particular, the intermolecular C=C bond length, the core and valence density of states, as well as the change in sample work function with increasing molecular coverage and the growth-mode dependence of that evolution. The amount of charge transfer and the fraction of charged molecules are determined by the difference between the singly occupied frontier molecular orbitals of the adsorbate and the Fermi energy of the substrate, as well as by the ratio of intermolecular and metal--molecule distance. Complementing prior work on FCT systems, we extended the phenomenological range accessible by DFT also to ICT, which allowed us to highlight experimentally testable differences between the two charge-transfer mechanisms. Now that we have ascertained that density-functional theory can be used to study integer charge transfer (ICT) in organic/inorganic systems, our work forms a basis for future functional development and experimental studies into ICT. We expect our results to help focus the ongoing discussion regarding such interfacial phenomena, and we envisage that the insights we provided will be conducive for the design of future applications based on functional organic/inorganic interfaces.

Methods {#sec4}
=======

The lateral dimensions of the surface unit-cell we employed are governed by the commensurability between Cu and NaCl. We use a square base-area of 20.48 Å edge length, corresponding to 64 Cu atoms per layer. The NaCl lattice constant was reduced accordingly to form a commensurate supercell. All calculations were performed with the Fritz-Haber Institute *ab initio* molecules simulations package (FHI-aims).^[@ref111]^ Periodic boundary conditions were employed in all three spatial directions. Perpendicular to the interface, the unit-cell replicas are decoupled by a vacuum layer of at least 28.3 Å (for bilayer NaCl, accordingly more for direct adsorption), including a dipole correction to prevent spurious electrostatic interactions. A 2 × 2 × 1 k-point grid was employed, which yields ΔΦs converged to within 0.1 eV. A Gaussian occupation scheme with a smearing of 0.1 eV was used throughout. FHI-aims expands the (generalized) Kohn--Sham orbitals into numerically tabulated atomic orbitals, which are hierarchically ordered into tiers. For the present calculations, we employed tier-1 for all inorganic and tier-2 basis functions for all organic constituents.

Semilocal calculations were performed using the functional of Perdew, Burke, and Ernzerhof^[@ref67]^ (PBE). Hybrid-functional calculations were performed using PBEh,^[@ref112]^ which mixes a variable fraction α of Hartree--Fock exchange with PBE exchange. Unless otherwise noted, we set α to 0.8 (see main text for discussion), which we refer to as PBEh\*. Geometry optimizations were performed separately for both PBE and PBEh\*. To account for the missing long-range tail of van der Waals forces, these functionals were augmented by the van der Waals scheme of Tkatchenko and Scheffler,^[@ref68]^ using the appropriate parametrization for surface (Cu)^[@ref69]^ and ionic semiconductors (NaCl),^[@ref113]^ respectively.

All calculations were performed in a spin-unrestricted manner. The spin symmetry of the initial guess for the wave function was broken by assigning each TCNE nitrogen atom an initial spin moment of 0.1. The (semi)local calculations collapsed back into the spin-unrestricted solution, while the PBEh\* calculations of TCNE on NaCl did not. Note, however, that a nonuniform initialization of the TCNE molecules was not generally needed to obtain an ICT solution. The different unit-cell sizes of organic and NaCl layers sufficed to the break the lateral symmetry.
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